Introduction {#s1}
============

Cytostatic drugs or antineoplastic drugs are designed to damage and kill cancer cells. They are frequently used in cancer patients as chemotherapy. During preparation and administration of these harmful agents, healthcare workers can also be exposed. Exposure can occur via contact with contaminated work surfaces, equipment and patients\' excreta, by manipulation of solutions containing cytostatic agents, by cleaning or by inhaling particles resulting from these actions. Dermal exposure can in turn lead to ingestion by hand-to-mouth contact ([@B1]--[@B4]). Healthcare workers are often exposed multiple times a week for several years. Since in this case cytostatic drugs only affect healthy cells, healthcare workers could potentially encounter several side effects. Mutagenic, developmental, reproductive effects and cancer were reported in the NIOSH (National Institute for Occupational Safety and Health) alert from 2004 ([@B5]). Up till now, there are still no official exposure limits for cytostatic drugs. Some research groups formulated their own recommendations in terms of safe exposure values, e.g., Sessink ([@B6]) recommends values below 0.1 ng/cm^2^ for cyclophosphamide. Yet, the exposure and thus the level of environmental contamination should be kept as low as reasonably achievable ([@B5]).

Multiple recommendations and guidelines have been published by among others, OSHA (Occupational Safety and Health Administration), ASHP (American Society of Hospital Pharmacists), NIOSH, ISOPP (International Society of Oncology Pharmacy Practitioners), and the Oncology Nursing Society ([@B5], [@B7]--[@B10]). These standards consist of recommendations on a wide range of subjects, including transport of cytostatic drugs, education and training of staff, (personal) protective equipment, monitoring of contamination, cleaning procedures, waste handling etc. Even though many recommendations and guidelines led to a decrease in occupational exposure, there is still no complete elimination of exposure ([@B11]--[@B13]). Several research groups demonstrated that even after introduction of these measures, cytostatic agents remain widespread on various surfaces and objects ([@B3], [@B12]--[@B16]). This can be due to non-compliancy with guidelines, limited resources or inadequacy of protocols (e.g., cleaning). Particularly in low- and middle-income countries, the limited resources can play an important role in exposure of healthcare workers and irregular environmental monitoring. Since engineering controls such as biosafety cabinets are costly, healthcare workers in low- and middle-income countries have to rely more on other measures to control hazard (e.g., personal protective equipment) ([@B17]). However, studies on safe handling of cytostatic drugs among healthcare workers in middle-income countries reported insufficient or complete lack of specialized training, inappropriate cleaning procedures and a high variability in awareness of potential hazards and use of personal protective equipment ([@B18]--[@B23]). In general, these studies indicate the need for a better implementation of guidelines. Therefore, environmental contamination and occupational exposure of healthcare workers should be monitored. Although many studies have investigated environmental exposure, not much research has been conducted using an integrative approach for different types of samples to map environmental contamination ([@B24]--[@B27]).

Our hypothesis was that even though many guidelines and recommendations are in place, there is still significant exposure of hospital workers to cytostatic drugs, especially in low- and middle-income countries. We evaluated surface contamination and the unintended occupational skin exposure to cytostatic drugs (cyclophosphamide, ifosfamide, methotrexate and 5-fluorouracil) in hospital workers from the University Hospital in Tlemcen, Algeria.

Materials and Methods {#s2}
=====================

Chemicals, Reagents, and Materials
----------------------------------

Ifosfamide (IFO) and methotrexate (MTX) standards were European Pharmacopeia Reference Standards. Cyclophosphamide (CP) and deuterated CP (CP-d4) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, Texas, USA). 5-fluorouracil (5-FU), 5-fluorouracil-2-13C, 15N2 (5-FU13C15N2), deuterated MTX (MTX-d3) as well as ammonium formate (AF) were purchased from Sigma-aldrich (Saint Louis, Missouri, USA). Formic acid (FA) for LC-MS was purchased from Fluka (Honeywell International Inc., New Jersey, USA). Ammonia was purchased from Chem-Lab Analytical (Zedelgem, Belgium) and UPLC-MS grade water from Biosolve (Valkenswaard, The Netherlands). LC-MS grade methanol (MeOH) from J.T. Baker and HPLC-MS grade acetonitrile (ACN) were purchased from VWR International (Radnor, Pennsylvania, USA). A rotator, model reax 2 from Heidolph, Schwabach, Germany was used.

Preparation of Stock Solutions
------------------------------

Stock solutions of CP-d4 and 5-FU13C15N2 in MeOH with a final concentration of 100 μg/mL were made. MTX-d3 was received as a 100 μg/mL solution. These stock solutions were diluted with MeOH/ACN (8/2), resulting in three stock solutions of 10 μg/mL. Calibration stock solutions for each compound with a final concentration of 1 mg/mL in MeOH were prepared. Calibration stock solutions of 10 μg/mL were made in MeOH/water (8/2).

Analytical Procedure
--------------------

Since the compounds of interest have different physicochemical properties, two separate methods were applied in order to measure the concentration of the compounds in environmental samples.

### Cyclophosphamide, Ifosfamide, and Methotrexate

CP, IFO, and MTX were detected in the samples reconstituted in water/MeOH (9/1), based on a validated method, with some minor adaptations ([@B28]). Analysis was performed with an Acquity UPLC M-class system (Waters, Milford, Massachusetts, USA) and compounds were separated on a Luna Omega 1.6 μm C18 100 Å, 2.1 × 50 mm column (Phenomenex, Torrance, California, USA). Mobile phase A consisted of 0.1% FA in water and B of MeOH. Two separate gradient profiles were used ([Supplementary Table 1](#SM1){ref-type="supplementary-material"}). A flow rate of 0.4 mL/min and an injection volume of 10 μL were used. The outlet of the column was coupled to a Quattro Premier triple quadrupole mass spectrometer (Waters, Milford, Massachusetts, USA) with ESI ion source. The positive ion mode was used with multiple reaction monitoring. A source temperature of 120°C and a desolvation temperature of 450°C were used together with a capillary voltage of 1.50 kV. The desolvation and cone gas flow were 800 and 25 L/h, respectively. Other MS/MS parameters can be found in [Supplementary Table 2](#SM1){ref-type="supplementary-material"}.

### 5-Fluorouracil

Analysis was performed using the method of Oriyama et al. ([@B29]), with some small modifications. An Acquity UPLC H-class PLUS system (Waters, Milford, Massachusetts, USA) was used for analysis. Samples reconstituted in ACN were injected in an Acquity UPLC BEH amide 1.7 μm, 2.1 × 50 mm column (Waters, Milford, Massachusetts, USA) for separation of 5-FU and 5-FU13C15N2. 0.01% FA in ACN was used as mobile phase A and 10 mM AF with 0.05% ammonia in water as mobile phase B. For gradient profile see [Supplementary Table 1](#SM1){ref-type="supplementary-material"}. A flow rate of 0.4 ml/min and an injection volume of 10 μL were used. A Xevo TQ-XS tandem quadrupole Mass Spectrometer (Waters, Milford, Massachusetts, USA) with a UniSpray ion source was used for detection. Negative ion mode was used in multiple reaction monitoring. An impactor voltage of 0.50 kV and desolvation temperature of 450°C were applied. A desolvation, cone and nebuliser gas flow of 600, 150 L/h, and 7.0 bar were used, respectively ([Supplementary Table 2](#SM1){ref-type="supplementary-material"}).

Method Validation
-----------------

An extraction solvent containing 20 ng/mL of internal standards CP-d4, MTX-d3 and 5-FU13C15N2 was prepared by mixing each internal standard stock solution with MeOH/ACN (8/2). The first calibration working solution with final concentrations of 1,000 ng/mL containing CP, IFO, MTX, and 5-FU was made by mixing each calibration stock solution together in MeOH/water (8/2). The second calibration working solution was obtained by diluting the first calibration working solution with MeOH/water (8/2) to result in a final concentration of 50 ng/mL. These two calibrations working solutions were used to spike TX714K low TOC Alpha Swab Series of 100% polyester (Texwipe, Kernersville, North Carolina, USA) with increasing concentrations of cytostatic drugs (0, 1, 5, 10, 30, 70, 100, 300 ng/swab). This was done in triplicate. After spiking, the swabs for calibration were each placed in separate glass vials and snapped at the notch of the handle. Ten mL of extraction solvent containing 20 ng/mL of internal standards, was added to the glass vials containing the swabs. The vials were shaken and rotated for 30 min. Subsequently, two times 4.5 mL was transferred to separate test tubes and evaporated under a nitrogen gas stream. The dry samples were then reconstituted in 900 μL MeOH/ACN (8/2), vortexed and transferred to injection vials. These vials were again dried out and half of them was reconstituted in 300 μL water/MeOH (9/1), while the other half was reconstituted in 300 μL ACN. After vortexing, the samples were injected. The limit of quantification (LOQ) was defined as the lowest concentration for which the precision was below 20% and the accuracy between 80 and 120%. The accuracy was calculated as the average of the estimated concentration divided by the nominal concentration, multiplied by 100 and the precision as the standard deviation of the estimated concentration divided by the average of the estimated concentration, multiplied by 100.

Field Study: Evaluation of Surface Contamination and Occupational Exposure
--------------------------------------------------------------------------

In a university hospital in Algeria, samples were collected in 6 different departments. More specifically, surfaces, objects, personal protective equipment (PPE), and the skin of healthcare workers were sampled in the dermatology, maternity oncology, oncology, hematology, nephrology, and rehabilitation departments.

### Sample Collection

Cytostatic drug sampling kits containing swabs, a square template with a 10 × 10 cm opening and a vial containing MeOH/water (8/2) were provided by the Laboratory for Occupational and Environmental Hygiene (LOEH, Leuven, Belgium) for surface sampling. Surface samples were collected using TX714K Low TOC Alpha Swab Series (Texwipe, Kernersville, North Carolina, USA). After the swab was immersed in MeOH/water (8/2), it was pushed against the walls of the vial and wiped across the rim to remove air and expel any excess of solvent. This is important to avoid inconsistent results. The swab was then used to wipe a surface using the provided template and according to a specific pattern. The first side of the first swab was wiped horizontally across the opening of the template, the second side was used to wipe the same area vertically. A second swab was used if the surface area was over 100 cm^2^ and when possible, the area was measured. The second swab was used to wipe the area diagonally upwards with one side and diagonally downwards with the other side. After sampling, both swabs were placed in the glass vial containing the remaining solvent. The vial was then closed and stored at −20°C until shipment to Belgium. Dermal samples and samples from objects were taken by use of the same sampling kit. PPE sampling involved wiping the front and back side of gloves and facial masks using two swabs and was performed in the Laboratory for Occupational and Environmental Hygiene (Leuven, Belgium). All samples were stored at −80°C until use.

### Sample Extraction

Ten mL of extraction solvent was added to the glass vials containing the swabs. From this point forward, exact the same process was followed as for the calibration samples.

Results {#s3}
=======

Method Validation
-----------------

Calibration curves were based on eight concentration levels (0, 1, 5, 10, 30, 70, 100, and 300 ng/swab). Curves for all compounds had correlation coefficients *R*^2^ exceeding 0.99. The limits of quantification (LOQs) were based on the definition mentioned in the materials and methods section and were 10 ng/sample for CP, 30 ng/sample for IFO, 5 ng/sample for MTX and 10 ng/sample for 5-FU. More detailed information on accuracy, precision and linearity is summarized in [Table 1](#T1){ref-type="table"}.

###### 

Method validation parameters.

  **Compound**                           **Accuracy (%)**   **Precision (%)**   ***R*^2^**   **LOQ (ng/sample)**
  -------------------------------------- ------------------ ------------------- ------------ ---------------------
  CP[^a^](#TN1){ref-type="table-fn"}     109.97             4.31                0.9959       10
  IFO[^a^](#TN1){ref-type="table-fn"}    80.54              7.52                0.9989       30
  MTX[^a^](#TN1){ref-type="table-fn"}    105.26             6.34                0.9968       5
  5-FU[^a^](#TN1){ref-type="table-fn"}   95.76              4.59                0.9962       10

*CP, cyclophosphamide; IFO, ifosfamide; MTX, methotrexate; 5-FU, 5-fluorouracil*.

Field Study: Evaluation of Surface Contamination and Occupational Exposure
--------------------------------------------------------------------------

In total 62 samples were collected in 6 different departments in the University Hospital. These samples included 39 surface samples, 10 samples from PPE and 13 dermal samples. Surface samples were collected from various areas and objects such as door handles, tables, hoods, a calculator, a telephone, sinks, chairs... Samples from PPE were taken from gloves and facial masks. Face, hands and arms were swabbed to collect dermal samples. In general, the highest concentrations were observed in surface samples, followed by samples from PPE, and dermal samples ([Figure 1](#F1){ref-type="fig"}).

![Overview of cytostatic drug concentration in surface, personal protective equipment and dermal samples from the university hospital, Algeria. All three panels give the logarithmic scale of cytostatic concentrations (ng/cm^2^) ranked from high to low for each cytostatic drug. **(A)** Cytostatic concentrations found in surface samples. **(B)** Cytostatic concentrations found in samples of personal protective equipment. **(C)** Cytostatic concentrations in dermal samples. CP, cyclophosphamide; IFO, ifosfamide; MTX, methotrexate; 5-FU, 5-fluorouracil.](fpubh-08-00374-g0001){#F1}

### Surface Samples

In case surface areas were measured, concentrations were recalculated to ng/cm^2^ to present the results. All surface samples tested positive on one or more cytostatic compounds. More than half of the 39 analyzed samples tested positive for CP (79.5%), MTX (56.4%), and 5-FU (66.7%). IFO was above the LOQ in 30.8% of the samples. CP was not only found in the highest number of positive samples, but also in the highest measured concentration per cm^2^ (208.85 ng/cm^2^) ([Figure 1A](#F1){ref-type="fig"}). The maximum surface contaminations for IFO, CP and 5-FU were found on a calculator in the oncology department (23.45, 208.85, and 22.22 ng/cm^2^, respectively) The highest concentration of MTX was found on a work schedule in the same department (10.49 ng/cm^2^). In the oncology department all but one sample tested positive for MTX. Also, substantial concentrations of CP, IFO, and 5-FU were measured in samples from the hood before and after preparation, the telephone, the water tap after preparation and the door handle. All surface samples in the rehabilitation department tested positive for 5-FU. IFO and MTX were detected in low concentrations on a table in the treatment room (0.00--0.01 ng/cm^2^) and a non-identified sample (253.6 ng/swab IFO, 66.4 ng/swab MTX). CP could be found on a door handle (0.22 ng/cm^2^) and the same unidentified sample (639.1 ng/swab). Only one surface sample from the nephrology department was provided. This sample, taken from the preparation table, contained a high concentration of CP (25.25 ng/cm^2^) and only a low concentration of 5-FU (0.01 ng/cm^2^). The concentrations of IFO and MTX were below the LOQ. All but one sample collected in the hematology department tested positive for CP. Low concentrations of IFO, MTX and 5-FU were observed in samples from a drawer (0.03 ng/cm^2^ IFO), fridge (0.03 ng/cm^2^ IFO, 0.01 ng/cm^2^ MTX and 5-FU), tap (0.54 ng/cm^2^ MTX, 0.07 ng/cm^2^ 5-FU), and sink (0.04 ng/swab MTX). Except for one sample from a chair (0.03 ng/cm^2^ IFO), all samples in the maternity oncology department had IFO concentrations below the LOQ. CP was observed to be above the LOQ in all surface samples. Especially, a sample from the hood after use contained a high concentration of CP (13.84 ng/cm^2^). MTX was observed in samples of the sink, tap and a non-identified sample. 5-FU was detected in quantifiable concentrations on the hood after use (1.70 ng/cm^2^) and on the same chair (0.06 ng/cm^2^), sink (0.21 and 0.02 ng/cm^2^), tap (6.07 ng/cm^2^), and non-identified sample. In the dermatology department, all surface samples tested positive for CP. IFO could only be quantified on a door handle (1.28 ng/cm^2^), MTX on a door handle (4.01 ng/cm^2^) and a preparation table (0.001 ng/cm^2^) and 5-FU on a door handle (1.71 ng/cm^2^) and in a sample of the preparation table (0.002 ng/cm^2^). More detailed information can be found in [Supplementary Table 3](#SM1){ref-type="supplementary-material"}.

### Samples of PPE

The concentrations found on masks were recalculated to ng/cm^2^ based on the total surface area (315 cm^2^). For the gloves, a total surface area of 800 cm^2^ was used to recalculate, consistent with the surface area of hands according to the World Health Organization ([@B30]). Seven out of 10 analyzed samples contained at least one cytostatic compound. Four samples contained CP in concentrations that exceeded the LOQ, one sample for IFO, three for MTX, and three for 5-FU. The highest concentration was observed for MTX (2.66 ng/cm^2^) ([Figure 1B](#F1){ref-type="fig"}). IFO (0.18 ng/cm^2^) was only quantifiable in gloves used for preparation by a nurse working in the oncology department. CP was quantified on gloves from a nursing aide in the nephrology department (0.50 ng/cm^2^) and gloves (0.79 ng/cm^2^) and two masks (0.03 and 0.11 ng/cm^2^) from nurses in the oncology department. Substantial concentrations of MTX (2.66 ng/cm^2^) were detected on gloves from the rehabilitation department, whereas low concentrations were seen in samples of gloves from the maternity oncology (0.01 ng/cm^2^) and dermatology (0.01 ng/cm^2^) departments. Low concentrations of 5-FU were found on the gloves of a nurse from the nephrology department (0.01 ng/cm^2^) and a mask from the oncology department (0.34 ng/cm^2^), while a higher concentration of 2.15 ng/cm^2^ was detected on the gloves used for the preparation of cytostatic drugs in the oncology department. For further information, consult [Supplementary Table 3](#SM1){ref-type="supplementary-material"}.

### Dermal Samples

Also for the samples collected from the skin, recalculations were performed according to surface areas mentioned by the World Health Organization ([@B30]). Surface areas of 800 cm^2^ for hands, 1,200 cm^2^ for arms and 650 cm^2^ for the face were used. Eight out of 13 analyzed dermal samples tested positive for one or more cytostatic compounds. CP was found in quantifiable concentrations in 7 out of 13 samples. IFO was only present in one sample, 5-FU in five samples and MTX in none of the tested samples. The highest concentration was measured on the face of a nurse active in the oncology department (0.28 ng/cm^2^ IFO) ([Figure 1C](#F1){ref-type="fig"}). None of the samples contained MTX concentrations above the LOQ. CP was present in only low concentrations on the face and arms of the same nurse from the oncology department (0.11 ng/cm^2^ on face and 0.03 ng/cm^2^ on arms), the faces of two nurses in the hematology department (0.02 ng/cm^2^) and body samples from the nurse and psychologist from the maternity oncology department (0.03 and 0.02 ng/cm^2^). For 5-FU low concentrations were detected in samples from the faces of nurses in the nephrology (0.03 ng/cm^2^) and oncology (0.05 ng/cm^2^) departments, arms of a nurse in the oncology department (0.03 ng/cm^2^), body samples of a psychologist (0.01 ng/cm^2^) and hands of a nurse from the rehabilitation department (0.02 ng/cm^2^). Further information is listed in [Supplementary Table 3](#SM1){ref-type="supplementary-material"}.

Discussion {#s4}
==========

The aim of this study was to evaluate the environmental cytostatic contamination and unintended skin exposure in healthcare workers of an Algerian university hospital, by means of surface sampling. Absorption through the skin is the main route of occupational exposure for cytostatic agents ([@B31]). This implicates that surface contamination of hazardous substances possess an important exposure risk. As expected, the highest surface concentrations of cytostatic compounds were observed in the oncology department while the lowest concentrations were found in the rehabilitation and nephrology departments. This is in line with what was expected, since cytostatic drugs are most often used in the oncology department as part of cancer therapy. Out of the 33 samples with known surface area, 11 had a concentration below 0.1 ng/cm^2^ for all cytostatic drugs. These samples were collected in the rehabilitation, oncology, hematology, maternity oncology and dermatology department. In 14 samples, levels from 0.1 up to 10 ng/cm^2^ were detected. Low surface contamination indicates that healthcare workers were handling cytostatic drugs with care and that the cleaning procedures were adequately performed. Nonetheless, this can also be due to less frequent use of cytostatics in these departments. Low levels can still lead to exposure of healthcare workers when touched with bare hands (e.g., door handle). Even though most of the samples had concentrations below 10 ng/cm^2^, 8 out of 33 samples contained extremely high concentrations of cytostatic drugs. Six of these samples were from the oncology department. In this department, samples from the hood contained 10.21 ng/cm^2^ CP (before preparation) and 14.06 ng/cm^2^ 5-FU (after preparation). As cytostatic drugs are most often handled inside biosafety cabinets, these high concentrations were expected. The high concentrations before use of the hood do indicate poor cleaning procedures. On the calculator, phone, work schedule, and door handle of the oncology department, concentrations exceeding 10 ng/cm^2^ were found. The surface samples from the calculator contained even higher concentrations of several cytostatic compounds (208.85 ng/cm^2^ CP, 23.45 ng/cm^2^ IFO, 22.22 ng/cm^2^ 5-FU) than observed on the hood after preparation of these compounds. This is probably due to spillage or secondary transfer by contact in combination with inadequate cleaning. Contamination of the telephone and door handle can form a risk for the hospital personnel, since these are often handled with bare hands. In the nephrology and maternity oncology department very high concentrations of CP were observed in samples from a preparation table (25.25 ng/cm^2^) and the hood after preparation (13.84 ng/cm^2^). Such high concentrations only occur after spilling and the lack of adequate cleaning, while low surface concentrations are more an indication of careless working. High surface contamination results in a high risk for personnel to get exposed, with even the possibility to transfer this contamination to third parties. If we compare our range of surface CP contamination (\< LOQ−208.85 ng/cm^2^), with the literature, which reported concentrations from \< LOQ to 14 ng/cm^2^, substantially higher contamination was observed in our study ([@B12], [@B25], [@B27], [@B32]--[@B35]). Müller-Ramírez et al. ([@B14]) reported values ranging from 0.3 to 168.9 ng/cm^2^, which is more in line with our results, while only one study reported ranges exceeding ours with contamination up to 21,300 ng/cm^2^ ([@B36]). This concentration was found on a phone in a room next to the preparation room and was probably caused by touching the phone with contaminated gloves and inadequate cleaning. For IFO we observed concentrations ranging from \< LOQ up to 23.45 ng/cm^2^, which is in line with concentrations (0.08--15.7 ng/cm^2^) reported by Müller-Ramírez et al. ([@B14]). Other studies reported substantially lower contamination ([@B12], [@B25], [@B33], [@B35]), or considerably higher contamination (\< LOQ−95 ng/cm^2^) ([@B32], [@B37]). Hedmer and Wohlfart ([@B32]) described one really high concentration of 95 ng/cm^2^ on the floor of a patient lavatory, which is probably coming from the patients\' excreta. In our study MTX concentrations ranged from \< LOQ to 10.49 ng/cm^2^. Also for MTX surface contamination, low to very high concentrations are reported in literature, ranging from 0.515 to 51 ng/cm^2^ ([@B12], [@B33], [@B37]). Finally, in our study surface 5-FU concentrations ranged from below the LOQ to 22.22 ng/cm^2^, which is similar to Kiffmeyer et al. ([@B37]). Lower ranges were found by Koller et al. ([@B27]) and Kopp et al. ([@B33]) from \< 0.007 up to 14.56 ng/cm^2^. Schierl et al. ([@B38]) and Viegas et al. ([@B36]) reported higher ranges (\< LOQ−253.33 ng/cm^2^). Interpretation of the level of contamination is difficult, since there are no official threshold limit values. Yet, several research groups have already described this problem in different ways and have proposed own "in-house" thresholds. Schierl et al. ([@B38]) used the median and 75th percentile of all observed concentrations in surface samples to define two threshold values, namely concentrations below the median indicate good working practices, while values above the 75th percentile indicate the need for optimization of the handling procedures. For 5-FU these thresholds are 0.03 ng/cm^2^ for the lower limit and 0.005 ng/cm^2^ for the upper limit. Likewise, other research groups used the 90th percentile as guidance value. Kiffmeyer et al. ([@B37]) established a guidance value of 0.1 ng/cm^2^, independent of the substance measured. This value was based on the highest concentration of all the compounds that were quantified. Different guidance values for different sampling areas and rooms where cytostatic drugs are handled were proposed by Hedmer and Wohlfart ([@B32]). Sottani et al. ([@B39]) used the 90th percentile to propose guidance values for CP (3.6 ng/cm^2^), 5-FU (1.0 ng/cm^2^), gemcitabine (0.9 ng/cm^2^), and platinum (0.5 ng/cm^2^). Furthermore, Sessink ([@B6]) coupled guidance values to actions to be taken to ensure a safe environment. CP is commonly used in chemotherapy. It can permeate the skin easily and is extremely toxic. Therefore, determination of guidance values was based on the 90th and 99th percentile of CP concentrations in wipe samples. The 90th and 99th percentile correspond to 0.1 and 10 ng/cm^2^, respectively. Surface concentrations below 0.1 ng/cm^2^ are presumed to be safe, while levels above 10 ng/cm^2^ are considered to be unacceptable. Depending on the concentration found, different actions should be performed. For concentrations lower than 0.1 ng/cm^2^, the environment should be monitored once a year and evaluated after 4 years. Surfaces containing 0.1--10 ng/cm^2^ require risk estimation, monitoring within 3--6 months and action taking if necessary. For concentrations exceeding 10 ng/cm^2^, taking action and follow-up of these improvements is highly recommended. Applying these thresholds to our own data, we observed that 15 out of 33 surface samples had concentrations between 0.1 and 10 ng/cm^2^ for at least one compound, whereas 8 contained more than 10 ng/cm^2^ of one or more cytostatic drugs. In other words, \~70% of the surface samples contained levels exceeding the safe level according to Sessink ([@B6]). This points at an urgent need for action. Since it can be difficult to reduce exposure by use of costly engineering controls in middle-income countries, such as Algeria, the focus should be on administrative controls as well as personal protective equipment. Administrative controls include education and training, safe handling policies and medical surveillance. Education and training can raise awareness of hospital personnel on the potential hazards of working with cytostatic agents. Previous research in low- and middle-income countries showed that this could be a reason for non-compliancy with safety guidelines ([@B18]--[@B23]). Some extremely high levels of cytostatics were probably caused by spilling and remained on the surfaces by inadequate cleaning or cleaning protocols. This source of exposure can be reduced by adequate safe handling policies and procedures and by provision of proper equipment (e.g., biosafety cabinets, PPE, closed-system drug transfer device). Our results suggest that the current cleaning procedures should be checked by regularly performing measurements before and after cleaning. If the existing cleaning protocols then seem inadequate, changes need to be made to the protocol, and monitoring should show improvement. Since there was a lack of functioning biosafety cabinets and PPE, urgent investments are necessary. This should include spill kits and PPE in areas where harmful agents are handled, along with preferably closed-system drug transfer devices. Sessink et al. ([@B40]) found a substantially lower environmental contamination in hospitals after using the closed-system drug transfer devices compared to using standard drug preparation techniques. Finally, in this case, medical surveillance and environmental surveillance is highly recommended due to the high concentrations found on several surfaces and objects.

Next to surface sampling, we collected samples from PPE. Here, we also found the highest concentrations of CP, IFO, and 5-FU in the oncology department. MTX was found in the highest concentration in the rehabilitation department. In the other departments, low concentrations were measured. In literature, CP concentrations up to 0.68 ng/cm^2^ on gloves were reported, which is in line with our findings (\< LOQ−0.79 ng/cm^2^) ([@B24], [@B26], [@B27], [@B41]). For IFO concentrations ranging between 0.14 and 2.26 ng/cm^2^ are described, whereas our results (0.18 ng/cm^2^) are at the lower end of this range ([@B24], [@B26]). On the other hand, we found MTX concentrations up to 2.66 ng/cm^2^, while another study showed much lower concentrations on PPE (below 0.1 ng/cm^2^) ([@B24]). For 5-FU, we found a maximum concentration of 2.15 ng/cm^2^ on gloves. While some authors reported values well below this concentration (0.018--0.33 ng/cm^2^), others reported concentrations high above these values (449.3 and 11.4 ng/cm^2^) ([@B26], [@B27], [@B36], [@B41]). In total, 10 samples were analyzed from PPE (masks and gloves). Six out of these samples had concentrations below 0.1 ng/cm^2^ for all compounds of interest, whereas the remaining 4 samples all had concentrations below 10 ng/cm^2^. Even though there were no extremely high concentrations detected, 7 out of 10 samples contained quantifiable concentrations of at least one cytostatic compound. This can be caused by spilling, transfer from contaminated surfaces and objects (e.g., vials) to gloves and masks. The most important safety measures that should be taken in terms of PPE are first of all the unconditional use of PPE and the regularly changing of gloves, mask and lab gown, especially after spills.

In total, 13 dermal samples with known surface area were analyzed. None of these samples contained high concentrations of cytostatic drugs. Few studies have been measuring dermal exposure to cytostatic drugs by use of the wiping technique ([@B42]--[@B45]). Hon et al. ([@B42], [@B43]) reported CP concentrations up to 0.028 ng/cm^2^ on the skin, while in this study higher concentrations up to 0.11 ng/cm^2^ were observed. Hon et al. ([@B42]) also reported low dermal MTX contamination ranging from \< LOQ to 0.0003 ng/cm^2^. Although there was substantial MTX in the surface samples, we found no MTX on the skin (LOQ \< 5 ng/sample). Five out of 13 samples had concentrations below the LOQ for all 5 compounds, 7 had concentrations between 0.01 and 0.03 ng/cm^2^ and only 1 had a concentration exceeding 0.1 ng/cm^2^. This exposure can be caused by touching the face with contaminated gloves. Therefore, it is important to wear PPE and to avoid contact with bare skin. Bos et al. ([@B46]) proposed a dermal occupational exposure limit of 4 ng/cm^2^ for CP. There were some limitations in our study. A first one is that not all vials were packed well for shipment, resulting in partial loss of some samples and turning some identification labels unreadable. Also, not all surface areas were measured because of their complex shape. Due to the unreadable labels and missing areas of some surfaces, the results of 6 samples could not be compared to other samples (in ng/cm^2^) or interpreted. We also only had one surface sample from the nephrology department, which makes it difficult to get a good view of this department. For PPE and dermal samples we only had a limited number of samples. Therefore, it is difficult to estimate the actual exposure of the health care workers in these departments. We also have to take into account that the sampled area is not necessarily representative for the total surface of the object (e.g., hood, table).

In the future, this environmental monitoring needs to be complemented by biological monitoring. A combination of both approaches will give a more profound insight in the actual occupational exposure of healthcare workers.

Conclusion {#s5}
==========

Despite the numerous guidelines and recommendations, there is still a significant exposure of healthcare workers to cytostatic drugs in the hospital examined. This study offers a first perspective on the occupational exposure in an Algerian healthcare setting and shows that significant concentrations of hazardous compounds are present on a broad range of surfaces and objects in different departments of the hospital. These results can be interpreted as a call for action. Regular environmental and biological monitoring can give a clear idea about the corrective actions to be taken in the future and will further enable follow-up of improvements.
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